Transmission and phase-shift characteristics of dichroic high-pass filters with cutoff frequencies as high as 1.11 THz and of a cross-shaped grid bandpass filter with a resonance frequency of 280 GHz were measured with an electro-optic sampling terahertz time-domain spectrometer operating between 0.1 and 2 THz. Good agreement with transmission theories is found. We also compare the transmission performance of cascaded dichroic filters with that of cross-shaped grid bandpass filters. Both types of bandpass filter permit frequency-selective ultrafast experiments in the far-infrared spectral region. In the millimeter and the submillimeter wavelength regions, which are difficult to access by conventional means, knowledge of the frequency response of frequency-selective components is important for applications in frequency mixing, multiplying, and multiplexing in quasi-optical systems.
Introduction
Frequency-selective components ͑FSC's͒ are widely employed as quasi-optical elements in the spectral region from microwave to near-infrared wavelengths. 1 Depending on their thickness relative to the applied wavelength, these devices are referred to as perforated plates or frequency-selective surfaces, representing either a three-or a twodimensional FSC, respectively. The transmission characteristic of a FSC is determined by the shape and the arrangement of the apertures that perforate the component with a given thickness. FSC's have a broad range of applications, owing to their different transmission functions, and are used as filters 2, 3 in frequency multipliers, 4 as laser-cavity output couplers, 5 or as Fabry-Perot interferometers. 6 By exploitation of the transmission and reflection behavior of FSC's, broadband signals can be divided into two frequency ranges. When different FSC's are cascaded, it is possible to further split the frequency range. This multiplexing feature is important for multiband receivers, such as those used in radio astronomy. In this paper we expand on a previous study by Winnewisser et al. 7 on perforated plates, or so-called dichroic filters, to cutoff frequencies as high as 1.11 THz and transmission bands as great as 1.45 THz. Furthermore, we compare the transmission function of a cross-shaped grid bandpass filter, which is a special kind of frequencyselective surface, with that of cascaded dichroic filters.
These FSC's were examined with terahertz timedomain spectroscopy. 8 This spectroscopic tool is based on optoelectronically generated subpicosecond bursts of coherent electromagnetic ͑em͒ radiation. These pulses cover a frequency spectrum ranging from a few gigahertz into the terahertz region. Optically time-gated detection of their electrical-field strength yields, on Fourier transformation, both the magnitude and the phase of the electrical field in the frequency domain. Conventional spectrometers detect the intensity of the radiation and therefore lose the phase information.
Dichroic Filters
A typical dichroic filter consists of a metal plate composed of an equilateral array of hexagonally closepacked circular waveguides. Such dichroic filters with cutoff frequencies as great as 520 GHz have been used for many years. 9 -12 In this paper we investigate dichroic filters with cutoff frequencies between 150 GHz and 1.11 THz. The dimensions of these filters have been linearly scaled into the submillimeter wave region by the use of a computer numerically controlled milling machine with a drill speed of 8 ϫ 10 4 rpm, with the drilling of 1600 holes, each of diameter d ϭ 168 m. The resulting plate is shown in Fig. 1 . The plate's geometrical properties, i.e., the spacing of the circular waveguides s, their hole diameter d, and their length l, each play a role in shaping the transmission characteristic of the filter.
The general features of these parameters can be summarized as follows: The cutoff frequency c is determined primarily by the hole diameter d, which for an infinitely long cylindrical waveguide is given as c ϭ 1.841c͞d, where c is the speed of light. 13 Because of this cutoff behavior, a dichroic filter acts as a high-pass filter, which reflects below the cutoff frequency. However, the transmitted frequency bandwidth is limited, because the hexagonal hole array represents a two-dimensional grating that forces em waves with frequencies greater than diff ϭ 2c͞s ͌ 3 to be diffracted into the first diffraction lobe. 14 For frequencies much higher than the diffraction limit the filter transmission rises to the porosity value, which is the geometric ratio of opening to blockage area, given as T porosity ϭ d 2 ͞2 ͌ 3s 2 . The length l of the waveguide determines how strongly waves are attenuated in the evanescent region, thus controlling the sharpness of the waveguide's cutoff characteristic.
A detailed description of the transmission of em waves through a FSC is given by the mode-matching theory of Chen. 15 Additional information about the mode-matching theory can be found in Ref. 16 .
Cross-Shaped Grid Bandpass Filter
A special kind of frequency-selective surface is the cross-shaped grid bandpass filter, whose apertures are cross shaped and whose thickness t is much smaller than the applied wavelength. The pattern of crosses constitutes an inductive grid and a capacitive grid that act like a combination of a high-pass and a low-pass filter. 2, 3 The bandpass filter curve is determined by the choice of the mesh parameters that consist of the mesh period G, the slot length L, the strap width C, and the foil thickness t, which are defined in Fig. 2 .
The following correlations exist between the different mesh parameters: The filter resonance frequency is determined by the slot length L. This corresponds to the hole diameter of the dichroic filter. The quality of the bandpass filter is determined by the strap width C and by the foil thickness t. The diffraction loss is determined by the mesh period G, which is a measure of the spacing of apertures in the dichroic filter. We used a numerical field analysis to calculate the transmission characteristic of these filters. It is based on a commercial program called Maxwell's finite integration algorithm ͑MAFIA͒. 17 According to the calculations, the geometric parameters have to be set in specific ratios to achieve an ideal bandpass filter, with L:C:G ϭ 1:1.15:1.43. This choice minimizes the bandwidth and maximizes the contrast. For details the reader is referred to Ref. 18 .
The cross-shaped bandpass filter is produced by use of galvanizing growth on a base substrate of copper, 18 as shown in Fig. 2 . The main advantage of this manufacturing process is on one hand the sharp microoutline of the crosses that is due to the avoidance of underetching effects that lead to low losses and on the other hand the possibility of achieving high filter resonance frequencies ͑filters realized to as great as 1-THz center frequency͒. The surface roughness of the filter used in this study is less than 1 m.
Experiment
The filter transmission characteristics were measured with an electro-optic ͑eo͒ sampling terahertz time-domain spectrometer. Laser pulses with a time duration of 100 fs from a regenerative Ti:sapphire oscillator with a repetition rate of 1 kHz are divided by a beam splitter into a probe beam and a pump beam.
The latter illuminates a large-aperture GaAs chip to generate the terahertz pulse ͑see Fig. 3͒ . The detection setup, consisting of an eo crystal between a pair of crossed polarizers, can be referred to as an ultrafast transverse eo modulator. The eo detection exploits the linear dependence of the index of refraction on an external electrical field, known as the Pockels effect. 20 -22 In our case the electrical field of the terahertz pulse, E THz , modifies the index of refraction of the eo crystal in a linear way. Thus the terahertz pulse induces an ellipticity in the optical probe pulse polarization, which is monitored as a function of the time delay t between the terahertz pulse and the probe pulse.
The FSC's are placed halfway between the terahertz emitter and the high-density polyethylene lens, which are separated by 18 cm. When the terahertz pulse encounters the FSC after 9 cm of free-space propagation, the plane-wave characteristic is valid. 23 The terahertz pulse is recorded with and without the FSC placed at normal incidence behind an aperture in the path of the terahertz beam. The aperture is adjusted for the active area of each of the different FSC's. For further details on the setup the reader is referred to Ref. 7.
Results
The reference terahertz pulse, E ref ͑t͒, obtained without a FSC, is shown as the top trace in Fig. 4 . Seven sample pulses, E sample ͑t͒, obtained by placement of different FSC's into the terahertz beam path, are shown below. By taking the Fourier transform of time-domain data E͑t͒, one obtains the complex amplitude spectrum E͑͒ in the form of both magnitude ͉E͉͑͒ and phase ͑͒. Before Fourier transformation a zero fill factor of 2 is implemented. 24 The power transmittance T P ͑͒ is obtained when we take the square of the ratio between the Fouriertransformed sample and the reference data. An em wave transiting a FSC encounters a phase shift of ⌬͑͒ ϭ sample ͑͒ Ϫ ref ͑͒. 7 The remainder of the paper is a comparison of the measured transmittance characteristics with the calculated theoretical transmittance of each FSC. It should be noted that Chen's theory treats the material of the FSC's as perfectly conducting. His transmission theory accounts for only the lowest em mode ͑TE 11 ͒, which transits the waveguide array. As a consequence a strong dip at the diffraction limit, which is not observed in the experimental results, appears in the theoretical curve. However, the general transmission behavior is described well by Table 1 . All sample pulses pertain to single FSC's, except sample pulses #4 and #5, which are cascaded dichroic filters. The less steeply rising edge of sample pulse #7 occurs because the THz pulse in this particular case consists of a limited frequency spectrum, reaching only approximately 1 THz. Therefore the appropriate reference pulse exhibits a softer shape than does the reference pulse shown at the top of the figure.
Chen's theory, and its usefulness as a tool to design dichroic filters is confirmed.
A. 1.11-THz Dichroic Filter
The power transmittance of dichroic filter 1 is shown as squares in Fig. 5͑A͒ . The theoretical transmittance obtained from the theory given by Chen 15 is represented as a black curve.
There is a slight shift toward a higher cutoff frequency compared with the theoretical data. This shift might arise from surface irregularities inside the drilled waveguides, which might also be the reason for the reduced maximum transmission of T P ϭ 0.94. An additional reason for the reduced transmittance could be neglected ohmic losses, which become more severe at higher frequencies. However, this filter shows that it is possible to produce dichroic filters mechanically in the submillimeter range with high transmittance. Letrou and Gheudin predicted an upper limit for mechanically made dichroic filters to lie near 600 GHz. 25 In Fig. 6 the transmission response of the 1.11-THz dichroic filter is plotted in decibels to emphasize the rejection behavior of dichroic filters below the cutoff frequency. Below 1 THz the transmittance is reduced by at least 10 dB, in agreement with theory. The onset of the transmission is defined mainly by the hole diameter, whereas its steepness is determined by the length of the waveguide. To achieve a broad passband, a small spacing s of the holes should be used to push the diffraction limit diff to higher frequencies. For frequencies Ͼ diff the transmittance drops below the porosity value to T P Ϸ 0.2, because of diffraction losses. At very high frequencies, Ͼ Ͼ diff , the transmittance is expected to approximate the porosity of the dichroic filter.
The length of the waveguide l, the hole diameter d, and the spacing s should have a ratio of 1:1.2:1.6, respectively, 10 to achieve a 30% bandwidth around the center transmission frequency; a high transmittance ͑T P Ϸ 1͒; and a sharp cutoff characteristic.
All dichroic filters with the above-mentioned parameter ratio show a similar phase-shift behavior. In the transmission band the phase shift reaches ϳ180°and approximates zero for frequencies Ͼ Ͼ c , as shown in Ref. 7 . In the transmission band the phase velocity is larger than the speed of light c and The experimental cutoff frequency is c ϭ 1.11 THz at Ϫ3 dB peak transmittance. ͑B͒ Phase shift ⌬ between the reference pulse and the sample pulse. Below 600 GHz the transmittance drops below Ϫ30 dB so that measured phase values are poorly determined. approximates c for higher frequencies, which is consistent with waveguide theory. 13 
B. Cascaded Dichroic Filters
In Fig. 7͑A͒ the transmittance functions of two different dichroic filters with cutoff frequencies at 155 GHz ͑filter #2, diamonds͒ and 242 GHz ͑filter #3, squares͒ are shown together with their theoretical transmittance characteristics ͑gray and black curves, respectively͒. If the two filters are placed in the terahertz beam path and separated by 2 cm, their joint transmittance function can be approximated as T Pcas ϭ T P 1 T P 2 , which is shown in Fig. 7͑B͒ . Figure 7͑C͒ shows the measured phase shifts of filters 2 and 3. If the two filters are cascaded, the individual phase shifts add to give ⌬ cas ϭ ⌬ 1 ϩ ⌬ 2 , which are shown in Fig. 7͑D͒ . Figure 8 shows the transmission characteristics of two different kinds of bandpass filter. In Fig. 8͑A͒ the transmission of a bandpass filter formed by a cascade of two identical dichroic filters, separated by 2 cm, is shown in comparison with the transmission characteristic of a cross-shaped grid bandpass filter. The cascaded dichroic filters show a sharper cutoff characteristic than does the cross-shaped grid filter, whereas the bandpass filter has a narrower bandwidth and shows stronger rejection of frequencies above the bandpass. Obviously the benefits of each filter can be exploited in prudent combinations of these components. The theoretical transmittance given by the MAFIA program predicts a sharper bandpass than measured. This slight discrepancy may arise from surface imperfections.
C. Bandpass Filters
The phase-shift behaviors between the two kinds of bandpass filter are quite different. In the case of two cascaded dichroic filters the individual phase shifts add as explained above. The phase shift produced by the cross-shaped grid bandpass filter is similar to the resonance behavior of an electronic bandpass circuit, where the phase changes from Ϫ͞2 to ͞2 across the bandpass resonance. 26 At 752 GHz a strong jump of the phase shift occurs that is due a strong atmospheric water vapor resonance line. A similar but much weaker feature can be attributed to the 557-GHz water vapor absorption line. All transmittance measurements were performed in air on different days.
D. Thin Dichroic Filter versus Thick Dichroic Filter
In Fig. 9͑A͒ the transmission of a 125-m-thin dichroic filter is compared with that of a 700-m-thick dichroic filter. Apart from their thicknesses, both filters have the same design parameters. The thin filter shows a gradual cutoff behavior, because frequencies below the cutoff frequency are able to leak through the short waveguide holes. This evanescent transmission behavior is described accurately by Chen's transmission theory ͑see black curve͒. When the thickness of the dichroic filter is reduced, the originally three-dimensional structure of the filter approximates electrically the behavior of a twodimensional filter, which is also called an inductive grid. In the case of a purely inductive grid, the sharp cutoff behavior vanishes and the transmission becomes a nearly linear function of frequency below the resonance region of the grid.
In Fig. 9͑B͒ the phase shift ⌬ is displayed. The thick filter produces a larger phase shift than does the thin filter. The thin filter has an increased bandwidth, and thus a reduced Q factor, which results in a softer phase change around the resonance. In the case of a purely inductive grid the phase shift changes from ͞2 to zero.
Frequency-Selective Component as Terahertz-Pulse-Shaping Devices
The different sample pulses of Fig. 4 indicate another potential application of FSC's in pulsed terahertzradiation applications. They provide a means for temporal shaping of the electrical-field vector of the tetrahertz pulse, while retaining high power transmission. This feature could be of interest for ultrafast time-resolved pump-probe experiments. To shape terahertz pulses actively, Bromage et al. employed a thick slit with an adjustable aperture, but the peak power transmission of a single-slit filter is small. 27 For potential applications, a higher transmission is desired and an array of programmable apertures could be considered. One possibility would be to design a computer-controlled liquidcrystal-type phase modulator for the terahertz region, similar to applications in the optical regime. 28 
Conclusion
We have measured the transmission and phase-shift characteristics of FSC's with an eo sampling terahertz-time-domain spectrometer in the farinfrared spectral region. We show that it is possible to extend the fabrication of purely mechanical dichroic filters into the terahertz range. Transmission theories show good agreement with the measured transmission characteristics of FSC's, thus confirming that they can be applied for a priori filter design. The use of cascaded dichroic filters or cross-shaped grid bandpass filters allows for the selection of a specific frequency bandwidth. Obviously the use of FSC's will permit limited bandwidth excitation in ultrafast time-resolved experiments in the farinfrared region.
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